Detection of planets is one the most important and interesting applications of the Galactic microlensing events search. In this paper, a classification of planetary anomalies is briefly discussed, and it is shown the possibility to search for Jupiter-like planets towards M31, using the pixel lensing technique developed by the French collaboration AGAPE.
Introduction
The existence of 'other worlds' has always been one of the most discussed topics in the history of philosophy and science. The question has fascinated researchers since more 2000 years, but the first attempt in modern astronomy to discover extrasolar planets was given by Huyghens ( (1698)), in the XVII century. In 1991, Mao & Paczyński (1991) showed the possibility to apply the gravitational lensing of point-like masses (microlensing) to the search of extrasolar planets.
Lensing of stars by stars is not a very recent idea: it has been already investigated more than 75 years ago (see, e.g. ((Wambsganns 1990) ), and references therein), but only in the last few years it has been possible to observe it. Now, it is fully proved that it is an adequate method to study the dark matter content of the Galaxy (((Jetzer 1998)), and references therein).
In 1992, Gould & Loeb first calculated the probability to reveal the presence of a planet around a star acting as a lens. Bennett & Rhie (1996) , and then Wambsganss (1997) , considered the source finite size effects, which play a main role in anomalies due to Earth-like planets. Recently, it has been pointed out that planetary systems can be discovered with very high probability in small impact parameter 1 events ( (Griest & Safizadeh 1998) ).
The crucial question of planetary system parameters extraction has first been addressed in ( (Gaudi & Gould 1997) ), but only for a subset of the possible planets induced events. In this paper it is discussed how to extract dimensionless fit parameters (mass ratio, angular separation in units of Eintein radii), while the question of extracting the physical parameters of the systems (mass of the components, physical separation) has been studied in ( (Dominik 1998) ).
Among the techniques employed to search for planets, microlensing has the considerable advantage to be the only one which could be able to discover Earth-like planets from ground based observations, and up to considerable distances from the Earth 2 . Nowadays, there are two collaborations dedicated to the microlensing search of extrasolar planets, PLANET and MPS. Both rely on the alert system developed by the collaborations (MA-1 The impact parameter is as usual defined as the minimum distance between source and star positions projected on the source plan.
2 In 1992, Earth mass objects have been discovered around the pulsar PSR1257+12 ( (Wolszczan 1994) ), through time-delay measurements. The discovery is undoubtful, but the very nature of these objects is completely unknown: it is difficult, at the moment, to conciliate this discovery with our picture of planetary systems. A precise definition of planet is a subtle question. See ( (Marcy & Butler 1998)) CHO, OGLE, EROS) monitoring the Galactic bulge for microlensing events. These collaborations monitor millions of stars light curves to detect variations compatible with microlensing towards fields with a large number of resolved sources.
Two similar techniques have been developed by the teams AGAPE and Columbia-VATT to look for microlensing events towards unresolved star fields: pixel lensing and difference image subtracting ( (Crotts 1992) ). In this paper we start to investigate the possibility to use pixel lensing to reveal extrasolar planets. This would allow to search for planets (or, at least, brown dwarves) even in other galaxies, pushing further the limit for planet detection.
Microlensing detection of planets
Recent and complete review of the basic theory of microlensing (µL) and of the observational results are found in ((Jetzer 1998); (Roulet & Mollerach 1997) ). In the standard model of µL (point source and point lens), the light curve is expected to follow the so-called Paczyński light curve. Any deviation from the standard model introduces anomalies in the light curve, i.e. temporary deviations from Paczyński curve, which help in extracting more informations about the nature of the lens.
Probably, the most interesting deviation from the Paczyński light curve is the one due to binary lenses with very low mass ratio, i.e. planetary systems. As a matter of fact, even in the case of a mass ratio of the order of 10 −6 , we can have appreciable anomalies that allow us to detect unambiguosly a planet.
A simple and adequate model of a binary gravitational lens is a system of two point-masses, m 1 and m 2 , with no relative motion. As we work with linearized gravity, the lens equation of such a system is immediately found to be
where the origin of the axes is in the geometric center of the lens, and x 0 is the position vector of m 1 . The distances in the lens plane are expressed in units of the Einstein radius relative to the total mass of the lens, and m i is the fraction of the total mass in the i component (i = 1, 2). This equation is readily written for a generic number N of point-lenses. For a planetary system the mass ratio is very small, i.e. q ≡ m 2 m 1 ≪ 1. In this case it is usual to rescale the distances with the Einstein radius of the primary component of the system, and shift the origin of the lens plane in the primary component position. So the lens equation reads:
where x p ≡ (x p , 0) is the planet position, and a shift is induced in the source plan. The differences between the lensig due to a planetary system and to an isolated star (point-mass) are apparent from the study of the singularities of the lens. As a fact, a complete knowledge of a generic gravitational lens is obtained from the knowledge of the singularities of the lens mapping, i.e. the caustics in the source plane ( (Schneider et al. 1992) ). Anyway, this can be done analytically only for very special case, and some numerical calculations are needed. Numerical methods applied to binary systems have been developed by Dominik (1995), and Wambsganss (1997) , which uses the ray-shooting method. So, now we give a concise description of the caustic of a binary lens with very small ratio. A detailed study can be found in ( (Dominik & Covone 1998) ).
Caustics of binary lenses with very low mass ratio
For a binary lens with m 2 ∼ m 1 , there are three different geometrical configurations, according to the adimensional parameters m 2 and x 0 : wide binaries (2 caustics are present), intermediate binaries (1 caustic), close binaries (3 caustics). In the limit of very small mass ratio (where it is more useful to describe the system in terms of parameters q, x p ), only two different geometries survive: close and wide binaries. We call main caustic (or central caustic) the one which forms close to the projected position of the star in the source plane, and secondary (or planetary) caustics the one associated with the planet. Their approximate positions are easily found in the following way. The position of the two cusps of the central caustic along the lens axis can be found treating the planet as a small perturbation ( (Griest & Safizadeh 1998) ), which moves the two intersections of the critical curve on the axis:
The position of the planetary caustic along the lens axis is simply obtained considering that the relation between the planetary caustic(s) and the planet position is approximatevely the same relation as between the imperturbated image (the ones which form if there were no planet) and the source positions:
This expression holds only for q ≪ 1 and x p not close to 1. In the limit q → 0, the central caustic reduces to the point caustic of the point-lens, and the planetary caustics reduces in size and move to infinite. The presence of the caustics (which can also be defined as the geometric place in the source plane where a point-source has infinite magnification) highly modifies the circularly symmetric magnification pattern of the isolated point lens, giving raise to a variety of light curves. Since the caustics are small and well separated (in comparison with binary lenses with m 2 ∼ m 1 ), we can consider each one of them as characterizing separetely the light curve. This allows us to distinguish two main types of anomalies in the light curve.
Classification of planetary events

Type I anomalies
Consider a source trajectory with impact parameter u 0 ≪ 1. So, we have a high amplification event, if the source size is not larger than variations in the magnification pattern. Remember that µ ≃ 1/u 0 , for u 0 ≪ 1, for a point-like source. In this configuration, the lensing action on the source is mainly due to the central caustic: if this were circularly symmetric, so would be the magnification pattern in the sorrounding region and the observed light curve. 3 The presence of a small companion makes the central caustic elongated along the lens axis, and this produces a highly asymmetric magnification pattern around the main companion. A source which crosses this region will produce a light curve which differs from the Paczyński light curve around its maximum (type I anomalies). This kind of anomalies have first been studied in ( (Griest & Safizadeh 1998) ). They are very interesting, since in a small impact parameter event, there is a very high probability to reveal the presence of a planet. If there are N planets around the main object, they all perturbate the central caustic (according to their relative mass q i ). Thus, it would be possible to detect at once all the main components of a planetary system (the question is studied in detail in ((Naber et al. 1998)) ). By the way, in such a situation, the determination of the parameters is a much more complicated problem, which is not yet been addressed.
Type II anomalies
Consider a source trajectory whose impact parameter is large enough so that there is no detectable effect due to the finite extension of the central caustic (0.1 u 0 1). If this trajectory is close enough to the planetary caustics, the source light beam will be deflected also by the planet, and a perturbation of the Paczyński light curve is produced at a certain time depending, in a first approximation, on the angular separation between star and planet.
Pixel Lensing
Search of µL events towards unresolved star fields (M31 in particular) motivated the development of the so called pixel lensing method, implemented by AGAPE ( (Ansari et al. 1997) ; (Kaplan 1998) ). The basic idea is monitoring for light variations compatible with µL events not just the relatively few resolved stars in a field, but each pixel (or adequate group of pixels). AGAPE has observed M31 field in autumns 1994 and 1995, using the 2 meters telescope Bernard Lyot at the Pic du Midi Obsevatory. The data analysis has selected 19 microlensing candidate light curves, which agreed with Paczyński fit. Due to the limitation of the data set, only two of them can be, at the moment, retained as convincing candidates ( (Melchior 1998) ). Anyway the method has been proven to be succesful, and new improvements are in sight. As a matter of fact, pixel lensing observation of Andromeda galaxy is one of the main purposes of the newborn SLOTT-AGAPE collaboration (the Italian-Swisse Systematic Lensing Observations at Toppo Telescope and the French AGAPE), which will have its operative basis at the observational station of Toppo di Castelgrande, in South Italy.
There are several differences between classical and pixel lensing surveys, where we intend as classical the surveys on resolved stars. The first one regards the photometric errors: assuming that photon noise is the main source of errors, in the pixel lensing this is dominated by the flux from stars which are not lensed, and yet not resolved from the lensed one. This means that the noise does not depend on the magnification. On the other hand, in the classical regime, photon noise is generally dominated by the light from the lensed star. A second important difference is that in no event towards M31 it is possible to determine the baseline flux of the lensed star. This means that it is not possible to determine the actual magnification, and, more important, the actual Einstein time of the event, which contains all the physical informations about the lens. 4 Moreover, in a pixel lensing experiment, there is a natural selection of the events on the impact parameters and of the sources whose amplification is detected ( (Kaplan 1998)) . The more probable events are amplification of giant stars, and small impact parameters events are preferred.
While we started to think about the possibility to reveal binary system in a pixel lensing experiment, a very interesting news has come from AGAPE. AGAPE analysis has revealed a very interesting candidate event towards M31 bulge ( (Ansari et al. 1998) ). This event shows a statistically significant deviation from Paczyński light curve, so that the event could be due to lensing of a binary source, or even to a binary lens. There are too few data to resolve the question, and other observations are needed to confirm µL event hypothesis. Anyway, the possibility to detect binary lenses events towards unresolved star fields has been demonstrated, and new theoretical work is needed to understand if it is really possible to remove the degeneracy between double sources and double lenses, and how large is the region in the parameter space (q, u 0 ) for detectable events. In this paper we start to investigate the possibility to detect planetary systems via pixel lensing.
On detectable anomalies with Pixel Lensing
Our idea is that next pixel lensing searches for microlensing events could be able not only to observe double lenses events, but also to reveal Jupiter-like planets. From a general point of view, in pixel lensing experiments we expect a larger fraction of anomalous microlensing events, since such a method selects events with smaller impact parameter, so that source trajectories go trough the more asymmetric part of the magnification pattern. Anyway, the less accurate photometry sets a severe limit on the detectable anomalies. So, the first point we want to address is how large has to be an anomaly in order to be detectable in a pixel lensing experiment. Then, we can tell something about the type of anomalies that can be detected.
Consider a microlensing event occurring for an unresolved star in a mon-itored group of pixels 5 ; the observed light flux variation is
where µ stands for the magnification, f is the fraction of the light flux from the lensed star that is inside the monitored pixels, and F
star is the unlensed flux from the star; all these three quantities are not observable in a pixel lensing experiment.
Consider now an anomalous microlensing light curve; we write the flux variation from the star as
where the prime indicates that we are dealing with an anomaly. We are interested in understanding when the anomaly, given by ∆F ′ = f (F ′ star − F star ) can be detected with the pixel method; with F star we indicate the unperturbed Paczyński light curve, that is F star = µF (0) star , where µ is the amplification the microlensed star would have without the anomaly due to the planet. The uperturbed Paczyński light curve is not easy to determine in the pixel lensing case, and it will be matter for other investigations. Following what is done in ( (Ansari et al. 1997 )) (we adopt the same notation with respect to the errors), we require ∆F ′ to be several times the rms fluctuation σ pixel , that is
where σ pixel is defined in such a way that it is about twice the photon noise rms fluctuation ( (Ansari et al. 1997) ). With a few calculations, one has
where ∆µ ′ ≡ µ ′ − µ is the variation during the anomaly. From this last expression we can define a threshold value for detectable anomalies; we call it δ th . Anyway, from the formula it is possible to see that the brighter the star the less the magnification variation has to be in order to be detected. Thus, giant stars are preferred as sources. A workable expression with observable quantities can be given for δ th ; in the limit µ ≫ 1, one has, taking into account expression (5 
where ∆F pixel is the flux variation on the super-pixel around the maximum. In table 1, the value of the quantities σ pixel , ∆ pixel at the maximum, and their ratio, are given for the first 19 candidate events detected by AGAPE. The ratio σ pixel /∆ pixel has mean value 0.078 ± 0.026. If we choose Q = 2, we have δ th ≃ 15%. Of course, to be really confident that we observed a µL anomaly, we will just need more than one point. So, for the next we take the following criterium: an anomaly is detectable via pixel lensing if it is larger than δ = 15% for more than t E /100, that is about 7 hours for a month long event.
Pixel Lensing and Planetary Anomalies
Now we address the question of which type of the described planetary anomalies can be detected with the pixel lensing technique, and their frequency.
Which type of planetary anomalies can be detected?
AGAPE experiment characteristics set very limiting conditions on the detectable planetary anomalies. First, consider that only the part of the light curve around the maximum is detected. Second, it is possible to reveal anomalies when they constitute very large deviations of the received flux from the Paczyński light curve. These points make clear that there is a relatively high probability for type I anomalies to be detected. In principle, we can not exclud that type II anomalies may be detected; anyway, since generally they occur far from the maximum, their probability to be detected is surely much smaller, and we will not investigate here the possibility to detect them.
Source finite size effects must be taken into account. 6 It is known that the finite extension of the source is important in planetary anomalies due to Earth-like planets ((Bennett & Rhie 1996) ), ((Gaudi & Gould 1997) ), but it can be neglected for planetary relative mass around 10 −3 , i.e. Jupiter-like planets. For high magnification events this is discussed in detail in ( (Griest & Safizadeh 1998) ). So, we only deserve attention to anomalies due to planets whose mass ratio is q = 10 −3 (e.g., Jupiter-like planets around 1M ⊙ star; of course all the conclusion we trace are valid also for binary systems with larger mass ratio).
On planetary anomalies frequency
Observing towards Andromeda Galaxy, we can detect microlensing events due to lenses in the Milky Way halo, in Andromeda halo and bulge. It is almost impossible to discriminate among these different possible locations of the lens from a single observed light curve (only for a very small set of microlensing events it is possible to tell something on the lens location ( (Han & Gould 1996) )). When searching for planets signatures in microlensing events towards M31, we will consider only the set of events due to lenses in the bulge, which are mainly due to stars. Thus, among the detected microlensing events, we expect that only in the subset of self-lensing events (lens and source in M31) it is possible to detect a planetary signature.
As we have already said, the type I anomalies are the most likely to be observed.The events which can present this kind of anomalies are the ones with a small impact parameter, therefore, in the simulation we performed we required the events to have an impact parameter less than a given threshold value.
To estimate the fraction ν of events which could show a sensible planetary anomaly we performed some Montecarlo simulations of the observed events towards M31 bulge, using the program developed by AGAPE collaboration ( (Ansari et al. 1997)) ). We selected then the events satisfing the following two conditions 1. u 0 < u th ≡ 0.1; 2. lens in the bulge or in the disk of the target galaxy.
The fraction of events ν which satisfies both these conditions will be given by the product ν 1 ν 2 of the fraction of events which satisfies respectively the first and the second condition, and it turns out to be 0.06 ν 0.15 The main uncertainty comes from the ratio of events whose lens is in the bulge. The value ν 2 ≃ 0.21 which comes out from the Montecarlo simulation differs very much from the much larger estimates given in ( (Han & Gould 1996) ). Here it is stated that bulge and disk self-lensing contribute at least as much as the M31 and the Galaxy halos, i.e. ν 2 ∼ 0.5. It would be interesting to investigate on the reasons of this discrepancy and it could be a subject for future analysis but for our present estimate we can consider for the fraction of useful events the range 0.06 ÷ 0.15. The Montecarlo simulations give a value of ν 1 ≃ 0.3.
To evaluate how likely is to detect a planet with pixel lensing, we now ask how likely is that an event presents a deviation δ > δ th , lasting more than t E /100, making the hypothesis that in all the events, the lens has a Jupiter-like planet around it. Of course, the probability is a function of the separation x p . We used the program Lens Computing Package (LCP), developed by M. Dominik ((Dominik 1995) ), to calculate it. Similar work has been done in ( (Griest & Safizadeh 1998) ), but considering different criteria. As we were interested in a quick evaluation, we procedeed in the following way: the "cross section" of the central caustic is highly dependent on the direction of the source, but anyway, due to the elongated shape along the lens axis, it is maximum for trajectories orthogonal to this axis, and minimum for parallel trajectories. It is not difficult to find out the largest impact parameter u max for these two subsets of the possible trajectories respectively, so that for u 0 < u max our detection criterium is satisfied. The probability of detection of a planet in a type I event, for each one of these two directions, is simply P = u max /u th , taking into account that, in the pixel lensing, the distribution of the events is approximately uniform in the impact parameter for small impact parameters, and that, given the condition 1, we consider only value of u max which are smaller than u th ; the actual probability (considering all the possible trajectories) is certainly between the values corresponding to the trajectories along the lens axis and to the trajectories normal to the axis respectively. The results are shown in fig. 1 . Figure 1: Results of the calculation of probability to detect Jupiter-like planets with the described detection criterium. Probability outside the lensingzone is negligible.
They indicate that the probability is not at all negligible for planets in the lensing zone (i.e. the range of planetary position for which the planetary caustics is within the Einstein ring of the major component of the system, 0.618 ≤ x p ≤ 1.618): it is in the range 0.05 ÷ 0.6, with a maximum at the Einstein ring, as expected (the caustic size increases for x p ≃ 1, in agreement to what is already shown in the previous work ( (Griest & Safizadeh 1998) ), and to the theoretical study performed in ( (Dominik & Covone 1998) )).
Thus, there will be a small, but not negligible, probability to detect a type I planetary anomaly with δ = 15% in next pixel lensing experiments, in the case the planet lies within the so called lensing zone. This probability turns out to be in the range 0.03 ÷ 0.07 in the more optimistic case in which ν 2 = 0.5, and in the range 0.015 ÷ 0.035 in the case in which ν 2 = 0.21.
It has been estimated (( (Han 1996) ), ((Han & Gould 1996) )) that each year N ∼ 100 events should be detected via pixel lensing towards M31 bulge, thus also probabilities of the order of magnitude we found, would be significant. The present day pixel lensing experiment is still far away from such a theoretical limits: anyway, the technique has demonstrated to be succesful, and fruitful developments can be expected in the near future.
It is clear that at the moment AGAPE is far away from detecting planetary anomalies, and even double lenses signatures are very improbable to be detected. The main reason is, by the way, that there have been not enough observations.
One of the main problem in determining the very nature of a given anomalous µL event is certainly the parameter extraction. For this reason, a large number of observations every night are needed, during the short duration of the planetary anomaly (for a Jupiter-like planet, the anomaly lasts 1 ÷ 2 days). These requirements are hopefully satisfied by the next observing programs of the SLOTT-AGAPE collaboration.
Conclusions
Pixel lensing has demostrated to be a succesful method to search for µL events towards unresolved star fields. While AGAPE recently reported the observation of the possible first anomalous µL even towards M31 ( (Ansari et al. 1998 )), we started to consider the possibility that even planetary systems can give rise to measureable anomalies in a µL light curve.
Using a classification of planetary anomalies, we identified which kind of planetary anomalies are more likely to be detected by pixel lensing technique, and estimated their frequency.
Detection of Jupiter-like planets around stars in M31 which deflect light from background stars is not negligible; if next pixel lensing surveys towards M31 will be able to reach the limit predicted by theory, it is probable that some of the events towards the bulge will show the presence of a planet (if it exists around the lensing star). Anyway, it is evident that anomalous µL events due to generic binary lenses are in sight, and more theoretical work has to be done, to calculate their frequency, as well as of binary source events, which seemes to have already been detected.
